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Abstract 



In the decay of T(AS), the decay time distribution of T(4S) — > f + X, where / 
is a final state that B° or 13° can decay to, is the sum of the decay time distribu- 
tions of B° —>■ f and B — > f. Using this general rule, we estimate the sensitivity 
of single lepton CP violation measurements with respect to that of traditional di- 
lepton measurements. We find that the sensitivity of the single lepton method is 
comparable to or better than that of the di-lepton method. The two data sam- 
ples are largely statistically independent, so that they can be combined to improve 
sensitivity. The advantage of the single lepton measurement increases for large mix- 
ings, which suggests that the single lepton method holds promise for B s . We also 
discuss lepton asymmetry measurements on the Z° peak and in hadron colliders. 
The achievable sensitivity with the currently available data is already in the range 
relevant to standard model predictions. 

PACS numbers: 11.30.Er, 13.20.Gd, 13.20.He, 03.65.Bx 



1 Introduction 



One of the ways CP violation can manifest itself is in the particle-antiparticle im- 
balance in mass eigenstates of neutral meson systems. In the case of the neutral 
kaon, it can be measured as the asymmetry between Kl — > tt~£ + v and — > 7T + £~u 

EE'- 

s - Br{KL - ~ BriKh - - (* 27 + 12) x in- 3 m 

5k = Br(K L - K-t+v) + Br(K L - ~ ( 3 " 27± °- 12 ) x 10 > C 1 ) 



which indicates that JCl contains more .fT than X (assuming AS = AQ). If CPT 
is conserved, K$ has the same asymmetry 8k with the same sign; thus there is no 
need to specify which of the two mass eigenstates is being considered. 

For the neutral B meson system, one can similarly define the asymmetry 8 as 

5 ^ \(B°\B a , b }\i-\(B°\B a , b }\i 
\(B°\B a , b }\* + \(B*\B a , b }\2 ' 

where B a and B b are the two mass eigenstates which, as in the case of the kaon, have 
the same asymmetry (assuming CPT). In practice, however, it is experimentally 
difficult to isolate B a or B b . The traditional method is to measure the same-sign 
di-lepton asymmetry in T(4S) — > B°B [H, |J|: 

_ jV^+gQ - N{£-£-) 

Au = N(en+) + N(e-e-) ~ 25 ■ (3) 

There is in principle no dilution due to T(45) — > B + B~ since the same-sign di-lepton 
events are caused by mixing of the neutral B meson (assuming AB = AQ). 

Within the framework of the standard model, the short distance calculation gives 

§ |, 

which is around 10 -3 . Including long distance effects, Altomari et a/, estimated Au 
to be in the range to The uncertainty is primarily due to hadronic 

intermediate states, and even the sign cannot be reliably predicted. As a conse- 
quence, a measurement of CP violation in the semileptonic asymmetry does not 
lead to the determination of basic CP violating parameters in the standard model. 
Outside of the standard model, however, the asymmetry can be larger, and thus an 
experimental value of \8\ above ~ 10 -2 would signal new physics ||, |K|. The current 



experimental number is not very recent or precise: An = 0.031 ± 0.096 ± 0.032 [[1J 
For B s , the short distance prediction of An is obtained by replacing d by s in (| 
and it is even smaller than for B°. 
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The CP asymmetry in single lepton sample had been suggested as a possible 
observable to search for CP violation in the case when the mixing is small 0, 
The logic was that if the mixing is small, then the statistics of the di-lepton events 
will decrease, making the di-lepton method impractical. After the observation of 
substantial mixing in the neutral B meson system however, the single lepton 
method has not received much attention. In this note, we point out that the advan- 
tage of the single lepton method over the di-lepton method actually increases for 
large mixings, and that, on T(AS), the single lepton method has a comparable or 
better sensitivity than the di-lepton method. This is so in spite of the fact that in 
the single lepton measurement, one usually cannot distinguish charged and neutral 
B mesons. We begin by briefly reviewing the phenomenological background, and 
then move on to estimate experimental sensitivities. In the appendix, we present a 
general rule that relates the inclusive decay time distribution on T(4S") to those of 
B° and S° tagged at t = 0, as well as decay rate formulas without assuming CPT 
invar iance. 



(5) 



2 Phenomenology 

The mass eigenstates can be written in terms of B° and 5° as 

j B a = pB° + qB° (mass: m a , decay rate: j a ) 
\ B b = p'B° — q'B~° (mass: nib, decay rate: 7&) ' 

where the normalization is 

H 2 + |g| 2 = l, |p'| 2 + |g'| 2 = l. (6) 

If CPT is a good symmetry, we have 

p' = p, q' = q (CPT). (7) 

In the following we assume CPT invariance. CPT symmetry also effectively allows 
us to take JTJ] 

\Amp{B° ^£ + )\ = \ Amp(B^ -> f)\ = A (CPT) . (8) 

Furthermore, we will assume AB = AQ . The probability that a pure B° or 5° 
at t = decays to ^ at time t is then given by (see Appendix) 

A 2 

—2.e~ 7+< [cosh 7_i + cos Smt] , 
[cosh 7_t — cos Smt] , (9) 



r B o_ 




= r B°^-(*) = 








r B o_ 




\n\ 2 A 2 

' \p\ 2 2 



[cosh 7_t — cos Smt] 



2 



where 

5m = m a -m b , 7 ± = la - lb . (10) 

The short distance calculation predicts 7 a ~ 75 [|T^]. There is, however, no stringent 
experimental limit, and we will allow for the possibility that the difference is sizable. 
Also, the following expressions are applicable to B s mesons which is expected to have 
a sizable decay rate difference. The fraction of B° or B at t = eventually decaying 
to £^, which we denote as Br(B°(B ) — ► £ ± ), is obtained by integrating the above 
expressions: 



Br (B° - £+) = Br(B° -> r) = (1 - x) , 

1 - y 2 

Br(U' } - ( + ) = T-^-^rCx, (11) 

1 ~~ y \q\ 
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1 j i-y 2 H 2X ' 

where x is the standard mixing parameter |TH] defined by 



x = \ ^Jr = °- 175 ± °- 016 W > ( 12 ) 



35 = — , y = — , (13) 

7+ 7+ 

and 6 s z is the 'normalized' semileptonic branching fraction which reduces to the 
experimental semileptonic branching fraction in the limit of 7 a = 75 and CP sym- 
metry: 

b sl = -± la= J^ p 2Br(B -> X£z/) = 2 x (0.1043 ± 0.0024) [1] , (14) 

7+ 

where the factor 2 comes from the fact that there are electron and muon modes. 
From the first line of (|i~T|) , we see that there is no asymmetry in the 'right-sign' lepton 
branching fractions. The particle-antiparticle imbalance in B a b (namely, |p| 2 7^ |g| 2 ) 
shows up only in the 'wrong-sign' decays: 



Br(B° -f £+) - Br(B° -> £~) |p| 4 - |g| 4 25 



Br(B° ^ £+) + Br(B° ^ £-) W + W 1 + 5 

with 

A = 

bl 2 + 1? 



(15) 



^ 4^4- (16) 
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which follows from definition (0). Experimentally, measurement of this asymmetry 
requires flavor tagging at t = 0. 

In the decay T(45) — > B°B°, one needs to take into account the quantum 
correlations arising from the fact that the two mesons are in a coherent L = 1 state. 
We consider the case when one side decays to £ + and the other side decays to t~ (and 
all other charge combinations). The decay time variable accessible in an asymmetric 
-B-factory is the time difference of decays: 

*- = ti - *a • (17) 
In terms of i_, the decay time distributions are (see Appendix) 

— e -7+ '*~ [cosli7_t_ + cos<5mt_] , 



*7+ 



Id 2 

r T (4S)-^£ + (*-) = rk^-e^+l*-! [cosh 7 _t_ - cos<5mt_] , (18) 

| |2 ^4 

r T (4S)^-/-(*-) = f^-^e-^ l *- | [cosh7_t_-cos5mt_] . 

Note that the £ + £ + and distributions have exactly the same t_ dependence, 
and thus the asymmetry between them does not depend on We thus integrate 
(|T8|) to obtain the fraction of T(45) — * B°B° decays that eventually result in a 
lepton pair ^1*, which we denote by Br(T(4S) — > £ ± £ ± ): 



ft 2 

£r(T(4S) -> £+r) = Br(T(4S) -> £"£+) = 7^7-^ (1 - x) 



21-r 

5r(T(45) - ^ + £ + ) = 7^7^^ X , (19) 



j& bl 2 

21 -y 2 \q\ 



Br ( r ( AS)^rr) = \J^ X . 
The common factor b 2 sl /l — y 2 can be written as 

-^4 = 5r(£? a - £±) Br(£ 6 - £±) . (20) 

1 - y 2 

Then, in the absence of CP violation (namely, \p\ 2 = \q\ 2 ), the total yield of di- 
lepton events becomes Br(B a — > £ ± )Br{Bi > — > f 1 * 1 ), as expected from the simple 
picture T(4S*) — > B a B^. The asymmetry between (£ + ^ + ) and (£ _ £ _ ) is the same as 
that of the 'wrong-sign' leptons discussed above: 

= Br(T(4S) -> 1+1+) - Er(T(4g) -> «-) 2,5 
* ~ 5r(T(4S) -> £+£+) + 5r(T(4S) -> ~ 1 + 5 2 ' ^ ^ 
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No flavor tagging is required for this measurement. 

In order to study the single lepton asymmetry on T(4S), one has to take into 
account the cases where one side decays semileptonically and the other side decays 
to anything. To do so, we use the following general rule (see Appendix): 

/roo 
r T (4sw(t) = 2J2 / r T( 4s Wl /(ti,t)^i = rv w (t) + r s o (t) , (22) 
" 
1 

where r T (4S)^/(i) is the probability density that one finds a given final state / 
decaying at time t in the process T(4S) — > B°B~°, ^r(4S)->f 1 f 2 (^1^2) is the probability 
density that one side of T(45) — > B°T3° decays to final state fi at time £1 and the 
other side decays to / 2 at time t 2 , and T B0( ^o^^(t) is the probability density that a 

pure B°(B°) at t = decays to final state / at time t. The factor 2 in ( |2"2"| ) accounts 
for the fact that the final state / can come from either side of the T(4S) decay. 
These functions are related to the branching fractions discussed above by 

/■OO /"OO 

Br(T(4S) - hf 2 ) = / / ^(45)^(^*2)^2, (23) 

Br(B°(5°) - /) = T B0(]f) ^(t) dt . (24) 

The relation (p^ ) is a consequence of quantum mechanics and conservation of prob- 
ability, and is valid even when CPT is violated. The same relation holds for 
e + e- -> V -> i^iT, D°D , and 5,5,, where 1/ is a vector state or a virtual 
photon. 

Let us define the inclusive quantity on T(4£) by 

JV(T(4S) -> /) = / r T(4 5w(t)^, (25) 



which is the total expected number of final state / in one T(4S) — > B°B~° decay. 
The normalizations are given by (see Appendix) 

1 , (26) 

1 , (27) 

2 . (28) 

The last normalization reflects the fact that there are two B mesons per T(4S) 
decay. 



X; Br(T(4S) -> hf 2 ) 

J2Br(B°(B°)^f) 
f 

5>(T(4S)-/) 

/ 
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From (pH|),(p2|).(p4|), and fl25|), one then obtains the inclusive lepton yields on 
T(4S): 



N(T(AS) -> t 
N{T{AS) -> r 



b s i 


1 + 




i-y 2 




b s i 


1 + 




i-y 2 


Vbi 2 



-i X 



(29) 



One sees that when |p| 2 7^ |g| 2 there is an asymmetry. In practice, however, leptons 
from B ± are difficult to reject, and the resulting dilution needs to be taken into 
account. 



3 Experimental Sensitivities 

We will now estimate the sensitivities to 5 of single and di-lepton asymmetry mea- 
surements. We assume that the lepton detection efficiency ee for each lepton is 
the same in the single and di-lepton cases, and that they are uncorrelated in the 
latter. Also we assume (5 C 1 for the expressions of asymmetries below. In esti- 
mating statistics, we further assume 7 a ~ % (or equivalently n C 1). If we have 
iVo T(45) — ► B°B decays, then from (|I9"D the total number of same sign di-lepton 
events detected is N b^ xe\. Using (f2~l|), the error in S is then 

= \ TTr I 2 ■ (30) 
The single lepton asymmetry on T(45) can be obtained from ( p9|) : 

where D is the dilution factor due to charged B mesons, and is equal to the fraction 
of leptons coming from neutral B mesons. Other dilution effects such as those due to 
misidentified leptons or leptons from charmed hadrons could also be absorbed into 
D. Assuming that there are the same number of leptons from charged B's as from 
neutral B's, we take D = 1/2. The total number of single lepton events detected is 
N 4b s [ ef, thus the sensitivity to 5 of the single lepton measurement is 

*M = ~ /N \ h ■ (32) 
X VN ib s i e e 

The ratio of sensitivities of single to di-lepton measurements is then 

^m~i~- (33) 
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We see that the larger the mixing, the more advantageous the single lepton method 
becomes. This may be counter-intuitive, but can be understood as follows: as x 
increases, the statistics goes up linearly for the di-lepton sample while its asymmetry 
stays the same. For the single lepton sample, the statistics stays the same while the 
asymmetry goes up linearly, which is equivalent to statistics increasing quadratically 
for a fixed asymmetry. 

A typical value for q is 0.5. Together with the experimental values for b s i and 
X, the ratio above is 0.78. Namely, the single lepton measurement has a sensitivity 
comparable to or better than that of the di-lepton measurement. Note also that the 
single and di-lepton datasets are largely statistically independent (only about 10% 
of the single lepton events are also in the di-lepton dataset). The two measurements 
can thus be combined to improve overall sensitivity. For example, the current CLEO 
data corresponds to iV ~ 2 x 10 6 . This gives a s (£) = 0.6% and a s (££) = 0.8% with 
the combined sensitivity of 0.5% which is already in the range relevant to standard 
model predictions. 

When B 0, s and 5°'s are generated incoherently (e.g. on Z° or in pp collisions), 
one cannot perform the correlated di-lepton analysis. However, one can still per- 
form single lepton asymmetry measurements. The discussion below applies also to 
B s mesons. When an equal number of B° and B are generated, the decay time 
distribution of £ + can be compared to that of £~ without tagging the flavor of the 
parent B meson. Using (0), the time dependent single lepton asymmetry is then 

A,(t) = D l"*-*® " i'^fl =DSU- , (34) 

r B „- H o - , + (() + r B0 - H . j( _(() V cosh7-V 



where D is the dilution factor due to B s as before. In this case, D could in 
principle be a function of decay time (e.g., if the lifetimes of neutral and charged B 
mesons are different). Because of the relation (|22|), the time dependent asymmetry 
for the single lepton measurement on T(4S") is also given by (|34j) . We see that the 
asymmetry starts out as zero at t = and reaches the first maximum at around 
Smt ~ 7r (about 4 times the b lifetime). If we simply count the number of leptons 
without measuring the decay time, then the asymmetry becomes the same as that 
onT(45): 

W^n-W^M,^,, (35) 

Br{B°,W -> £+) + Br(B°,B i° -> £-) 

where we have used (|TTD . The factor D again includes the dilution due to B ±J s. 
This observable (with D = 1) was first proposed by Hagelin @ as a measure of 



observability of CP violation in B° — B° mixing, since it contains both the mixing 
parameter x an d the CP violation parameter 5. 



7 



The currently available statistics on Z° is smaller than that of CLEO; the pp 
collider at Fermilab, however, may be able to obtain a better sensitivity. In actual 
data analysis, the decay time is often required to be larger than a given threshold in 
order to reject non-I? background. Such a requirement, however, should not sacrifice 
sensitivity significantly since the asymmetry at short decay time is small as seen in 
(34) . Also, there is a possibility that vertexing allows separation of neutral B's from 
charged -B's by counting the total charge emerging from a given vertex, which would 
substantially improve sensitivity. In addition, flavor tagging by leptons, jet charge, 
or associated pion production [[H]] may allow for measurement of the flavor-tagged 
asymmetry (0). The vertexing technique may become useful also at asymmetric 
S-factories. 

In conclusion, we have studied the sensitivity of single lepton CP asymmetry 
relative to that of the traditional di- lepton asymmetry on T(4S). We find that the 
single lepton sensitivity is comparable to or better than that of the di-lepton analysis. 
The achievable sensitivities on T(4S) and in pp collisions with currently available 
datasets are already close to the predictions of the standard model. The single 
lepton method also holds promise for measurement of the leptonic CP asymmetry 
of B s . In the near future (namely, at the 5-factories, HERA-5, and the upgraded pp 
collider), it is quite possible that CP violation will be observed in the semileptonic 
modes. 



Acknowledgements 

I would like to thank Sheldon Glashow for pointing out the asymmetries in the single 
lepton counting, and Isi Dunietz for useful discussions. This work was supported by 
the Department of Energy Grant DE-FG02-91ER40654. 



Appendix 

This section is based on quantum mechanics, conservation of probability, and the 
Weisskopf-Wigner formalism [IE\. We will not assume CPT invariance unless oth- 
erwise stated. No further approximations are made. Solving (|5]) for B° and B° , we 
obtain 

/ B° = c (q'B a + qB b ) 

\B° = c(p'B a -pB b ) ' (A ' 1} 



with 



(A.2) 

p q + pq' 
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The time evolution of the mass eigenstates are given by 

B a -> e -ha/2+im a )t Ba ^ _^ e -( lb /2+im b )t Bb _ 



(A.3) 



If we have a pure B° or B at t = 0, the decay time distributions to a final state / 
are then 



|c| 2 


|g'a/| 


|c| 2 


\p'a f \ 



r B o_+ f (t) = \c\' 2 Iq'atfe-^ + \qb f \ 2 e-^ + 2M((q , a f y(qb f )e 



-(7+ — iSm)t "> 



+ W 



2K((p , a / )*(p6 / )e- (7+ - i<5m)i )l , (A.4) 



where 



a/ = Amp(B a -> f) , 6/ = Amp(B b -> /) 



(A.5) 



The parameters 7± and 5m are defined in the main text. Note that we would have 
|c| 2 = 1 if CPT and CP were conserved. The normalization of the decay amplitudes 



is such that 



j2^ = 1 



f\ 



la 



1 . 



(A.6) 



Integrating ( |A.4j ) over time gives the fraction of a pure B° or P° at t — eventually 
decaying to a final state /: 



Br(B° -»• /) = |c| 



Pr(PT -»• /) = |c| 



l«/l 2 


+ M 2 


6/1 


7a 


lb 


M 2 


+ H 2 


bf\ 


7a 


lb 



23? (V*g afbf c 
\ 7+ — «om y 

23? [ p'*p a * fb f 
\ 7+ — 10m 



(A.7) 



The normalization ( pTj) can be obtained by summing the above equations over / 
and using the Bell-Steinberger relation |20|j 



g/ a *f b f 
7+ — iSm 



(B a \B b ) (=p'p*-q'q*) 



(A.8) 



which expresses the conservation of probability. 

On T(AS), the B°B pair is created in the coherent L = 1 state 



4= (|P°(1))|P°(2)) - |B°(1))|B°(2 



v/2 



v/2 



(\B a (l))\B b (2)) - \B b (l))\B a (2))) 



(A.9) 



where the numbers 1 and 2 distinguish the sides; namely, they may be distinguished 
by the direction of the B meson in the T(45) CM. system: k or —k. Then the 
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probability density that the side 1 decays to final state f± at time t± and the side 2 
decays to f 2 at time t 2 is given by 



t t(4S)->/iM£i> - — [e I a /i °/ 2 1 +e I °/i «/ 2 1 

-23? ( e -(7+-*M*i e -(7++iM«2 ( a/i 6/a ) * ( 6/i 

or equivalently, 

r T(4S)-t/i/ 2 = 

^- t ia /l 6 /2 | 2 + e ^- t i& /l a /2 | 2 -2efj((a /l 6 /2 )*(& /l a /2 )e i 



(A.10) 



(AH) 



-7+t+ 



Smt- 



with 



f± = tl ± £ 2 



(A.12) 



and we have used the relation 2dt\dt 2 = dt + dt_. Integrating ( [A. 10]) over t 2 and 
summing over all possible final states f 2 , we obtain 



/•CO 

rT(45)-*/i(*l) = / r T (4 5 )^ /l/2 (ti,t 2 )^2 

|a /: 



|2 e -7a*l 



(A.13) 



where we have used ( |A.6| ), and the factor 2 arises from the fact that the given final 
state can come from either side. This together with (|A.4 ) and the Bell-Steinberger 
relation (|A.8|) establishes the general rule (|22). The normalization (|26|) and (g^) 
then follows from (g2|) and (0). 

Expressions for semileptonic decays are obtained by the substitutions 



a e + = pa , b e + = p'a 
a e - = qa , b t - ~- 



q'a 



where we have used the assumption AB = AQ, and 

a = Amp(B° -> t) , d = Amp(B° 
Namely, (|A.4j ) gives 



(A. 14) 



(A.15) 



BO- 



■(*) 
■(*) 



c \a \ e 



2^-7+* 



c ao e 



2^-7+* 



Ipgfe" 7 -* + |p'g| 2 e 7 -* + 2K ((p?')V?)e iftn ' 
|p'g| 2 e- 7 -* + |pg'| 2 e 7 -' + 23? ((p'q)*(pq')e iSmt 



TgU^ f+ (t) = 2\c\ \a \ \pp'\ e 7+ [cosh 7_t — cos Smt] 



T B o^ e -(t) = 2\c\ 2 \a \ 2 \qq'\ 2 e 1+t [cosh j_t — cos Smt] . 



(A.16) 
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The CPT relations © and (§) t hen lead to ©. 

On T(4S), ( |A.11| ) and (|A.14|) give the di-lepton decay distributions: 



12 



|C| 

T 



\a Q a \ 2 e 7+ * H 



l^fe" 7 -*- + b'g| 2 e 7 -'" + 23? {{pq'f {p' q)^ 



Smt- 



\(4S)->e-£+(t+, t- 
12 



|C| 

T 



|a ao| 2 e" 7+ * H 



c 



2 



+ |pg'| 2 e 7 -*- +23?((p'g)*(pg')e 



-,'„"\ * f m „>\ „iSmt- 



(t+,t-) = |a | \pp'\ e 7+ + [cosli7__t_ — cosSmt. 



(t+,t-) = |a | \qq'\ e 7+ + [cosli7__t_ — cosSmt. 



(A.17) 



Note that the opposite-sign lepton rates satisfy the relation 



r 



T(45)-v|+l" 



T(4S)-^ 



-t- 



(A.18) 



which corresponds to re- labeling the final states. Under CPT symmetry this sim- 
plifies to 



[cosh7_t_ + cos Smt. 



\v\ 2 A 4 

P^—e~ 1+t+ [cosh7_t_ - cosSmt-] 

\q\ 8 



(A.19) 



T(4S)- 



*e-e- yt+, t-) 



\q[ 2 A* 
\P\ 



[cosh7_t_ — cosSmt. 



Integrating over t + from to oo gives (fT3). Note that CPT invariance ensures 
that the decay distributions are symmetric under sign change of t_. Thus, such 
asymmetry (for example, if the i + side tends to decay earlier then the l~ side in 
the £ + £" sample) is a signature of CPT violation [21|. This is in contrast to the 
case of lepton tagged CP eigenstates (e.g., ^/K s |22], p3fl ) where the asymmetry with 
respect to £_ is possible under CPT invariance and signals CP violation. 
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